Analysis of droplet formation in microfluidic systems is important to understand the operation of these devices, and to permit optimal design and process control. Droplet formation in microfluidic Tjunction devices was studied using experimental and numerical methods. The simulations agree well with experimental data from PDMS devices; they show that droplet pinch-off is controlled not by viscous stress, but rather caused by pressure buildup after channel blocking due to the second phase. The period of droplet formation is dependent on velocity of the flow, but not viscosity or interface tension of the fluids. Analysis using dimensionless period, which is equivalent to dimensionless droplet length, shows that dimensionless period is controlled primarily by water fraction but is also dependent on velocity following a power-law relationship. Higher values of capillary number tend to extend the distance for droplet pinch-off. Droplet length does depend on flow velocity at low velocities, but reaches a relatively constant length at higher flow velocities. The coefficient of variation of droplet volume/length increases with increasing capillary number.
INTRODUCTION
Microfluidic devices have been recognized for a tantalizing potential to provide novel synthesis and research tools [1, 2] . Multiphase flows at the micro scale, particularly droplet-based microfluidics, have been of particular interest [3] [4] [5] [6] . There are two major techniques reported to generate micro droplets in microfluidic channels: flow-focusing [7, 8] and T-junctions [9] [10] [11] .
Droplet generation at T-junctions and the underlying mechanism have been carefully investigated. Many believe that the balance between capillary force and viscous force controls the formation of droplets [9] [10] [11] [12] [13] . It has been argued that viscous force in such microfluidic devices is too weak to break up droplets [14] . Instead, analytical models of the droplet formation based on simplified geometric assumptions were proposed [14, 15] . Recently, Stone and coworkers [16] showed experimentally that the buildup of pressure in the oil phase due to blocking of the channel by the intruding phase is indeed the major force to compete with interfacial tension. They predicted that droplet size is a linear function of the flow rate ratio.
It is difficult to simulate multi-phase flows, especially to track moving interfaces and deforming topology [17] . Recently, Osher and coworkers [18, 19] have reported a novel method employing a level set function to track the motion of moving boundaries or interfaces. Zhou et al. [20] reported simulations of the generation of droplets in axisymmetric microfluidic flow-focusing devices using this method with adaptive meshing. Microfluidic devices were made from PDMS for testing. A numerical model of the device was created using a conservative form [21] of the level set method using Comsol Multiphysics software. Further numerical details are in the supplemental materials, along with details of the experimental methods used.
Channel geometry can not only affect the production of droplets, but even change the underlying mechanism. For example, the width ratio of the branch and main channel D branch /D 0 in a T junction device [16] , the aspect ratio of channel cross-section [16] and the angle of the T junction [23] , have been reported to alter the properties of multi-phase flows. In the 2D numerical model (corresponding to the top-view of the fabricated device), we chose to work with geometry matching the fabricated devices: width, D branch = D 0 = 100 μm and height, h = 100 μm. Unless otherwise mentioned, the density of the oil phase was 1.7x10 3 kg m -3 , density of the water phase, 1.0x10 3 kg m -3 ; viscosity of the oil phase 21.1x10 -3 Pa·s, viscosity of the water phase 1.0x10 -3 Pa·s; interfacial tension of oil/water 1.2 x10 -3 N/m 1 . The contact angle of water on the oil-wetted wall has been shown to have very weak influence on the size of droplet [24] ; the contact angle was measured as 144 degrees.
RESULTS and DISCUSSION

Mechanism of droplet formation
Figure 1. Model and experimental results for droplet formation
The underlying mechanism of droplet formation is controlled by the balance of the hydraulic pressure drop across the interface, Δp, the viscous stress, τ, and the interfacial tension, Ω [25] .
Interfacial tension stabilizes a developing droplet and prevents detachment of the droplet from the water stream. Both viscous stress and pressure drop try to snap droplets off from the water stream. Figure 1 Several dimensionless numbers can be employed to describe the formation of droplets. Capillary number, σ μ / U Ca ≡ , the relative value of viscous stress compared to interfacial tension, depends on the velocity of the carrier fluid flow, U, the interfacial tension coefficient at the water/oil interface, σ, and the dynamic viscosity of the carrier fluid, μ. In this study, experiments were conducted at very low Ca values (Ca~10 -3 ). (U~10 -3 m/s, μ~10 -3 Pa·s, and σ~10 -3 N/m). At such low Ca values, the viscous stress is extremely low; it is the hydraulic pressure difference that dominates the left side of the balance equation (1), and competes with the interfacial tension to generate discrete droplets in channels.
Water fraction, wf, is defined as the ratio of flow rate of the aqueous phase to the total flow rate of the carrier fluid and the aqueous phase [10] 
. Droplet volume, V , is proportional to its end-to-end linear length L, neglecting a small volume associated with the curvature on the ends of the droplets. To evaluate the variation in size of droplets, simulations of the formation of as many as nine droplets in series were performed at different flow rates, water fractions, interfacial tensions and viscosities (data shown in Table I ) Figure 2 shows the coefficient of variation, CV = st. dev. / mean, of droplet volume as a function of Ca. At larger Ca, viscous stress becomes more significant compared to interfacial tension, although the growth is still governed by the pressure difference. The increase in the viscous effect alters the uniformity of droplet size. This trend had been reported by Tice et al, whose experiments showed a higher variation of droplet length at higher total flow rate [10] .
The growth of a droplet starts when the water stream enters the main channel, and ends at the pinch-off of a droplet from the stream. This process is composed of two steps: elongation and detachment, L = L elongation + L detach . The growth rate during elongation is determined mainly by U water . L elongation , or the intrusion length of water into oil, is often of the same order of magnitude of the width of the main channel, L elongation~O (D 0 ).
A stable aqueous droplet in oil phase at equilibrium sees a higher hydraulic pressure inside of the droplet than outside. The pressure difference across the interface is the difference in pressure between the oil and water phase, Δp = p water -p oil , and must be balanced by the interfacial tension:
(1) At a T-junction, once the water phase blocks the channel, oil can only flow through the thin wetting layer between water and the channel wall; pressure in the oil phase will quickly build up and reduce Δp; which leads to an imbalance with interfacial tension, resulting in the squeezing of the neck of the water thread {with a neck width of d, as denoted in Figure 1 (a2)}, until the neck breaks off and a droplet detaches.
Negative hydraulic pressure is present near the pinch-off point at the moment of break-off, as shown in Fig. 3a , causing oil from the surrounding area to quickly fill the void. The rate of squeezing is estimated by U oil ; the time is Δt detach = d/U oil ; the droplet length grows at a rate determined by flow velocity of water, or L detach = U water ·Δt detach = d·Γ. Combined with an estimation of L elongation being D 0 , it leads to an estimate of the total length of a droplet [16] , of L = D 0 + d·Γ which can be rewritten as
, where L is droplet length relative to the channel width D 0 , and α is the ratio of d/D 0 . The droplet size is a linear function of the flow rate ratio, with a constant α determined by device geometry. Figure 3 shows the calculated relative droplet length at different flow rate ratios Γ, when Ca values are kept low (smaller than 10 -2 ). The general linear trend is clearly seen. The value of α = 2, is in agreement with Garstecki et al. [16] Data at the same Γ value were calculated at different U water levels. As shown in Figure 4 , as U water increases, the droplet length quickly decays and approaches a characteristic droplet length, L c , which is only a function of Γ. The linear fit in Fig.4 is, in fact, the L c (Γ) function. 
Period of droplet formation
Droplet formation period increases with water fraction, at a given capillary number, due to the conservation of mass. Increasing Ca (by increasing flow velocity) will shorten the period; we have examined the parameters of Ca individually: Fig 5(a) shows that changes in the viscosity of the oil, the oil/DI interfacial tension or changes in both (data not shown) do not cause significant changes to the period when flow velocity is fixed. The same data is plotted against Ca in Fig 5(b) .
The dependence of period on flow velocity is shown in Figure 6 ; the period drops quickly as velocity increases (starting below 0.5 mm/s). This relationship was found to follow a power law with an exponent close to 7/6 for the studied geometry. Because droplet period is so strongly dependent on flow velocity, changes in velocity will result in different periods even at the same Ca. Changes in viscosity and interfacial tension change Ca but do not change period. Table II provides results corresponding to flow conditions at the same wf value but at different values of flow velocity, viscosity and interfacial tension.
Period, T, is composed of elongation and detachment: T=Δt elongation + Δt detach . During elongation, at a low Ca and moderate wf, the water thread extends almost straight into the oil without significant deformation, until it touches the opposite sidewall. A rough estimate of elongation time can be given by Δt elongation = D 0 /U water . The detachment time is estimated by Δt detach = d/U oil , relating period to both flow velocity and the ratio of flow rates,
If using D 0 /U water as the time scale, one can convert T to a dimensionless period,
, which is also the relative length of droplets.
At a given flow rate ratio, Γ, period, T, should be proportional to 1/U water according to (2) ; however, at extremely low U water level when Γ is fixed, interfacial tension causes the water thread to expand dramatically during the elongation step, leading D 0 /U water to under-estimate Δt elongation , which is why T scales with (β>1) but not with . From (2) and (3), it is easy to see L=U water ·T. Recall that (where β = 1.169), so the length of a droplet, L, is found to be weakly dependent on water velocity, , in accordance with the experimental droplet length data shown in Fig.4(a) . The explanation arises from the invalidity of the assumption that L elongation =D 0 . At extremely low U water levels, before the water thread can block the channel, surface tension has already expanded the water thread, approaching a spherical shape, as shown in the inset of Figure 4(a) . The equivalent elongation length will be larger than the main channel width, D 0 , which consequently causes L to be larger than the characteristic length L c =D 0 +d·Γ. It is still not clear as to why the power law exponent is close to -0.17 (-1/6 th ). Similar power laws relating L to U water in similar geometries have been reported, with varying exponents, such as -0.30 by Xu et al. [26] and -0.25 by Van der Graaf et al. [24] The power law relationship also predicts that droplet length is essentially constant once a threshold flow velocity has been reached. Tice et al. [10] reported constant droplet length independent of flow velocity with U water varying between 4 and 30 mm/s at wf = 0.2; this observation is correct because all these velocities are above the threshold; the difference in droplet length became undetectable. Under similar conditions (D 0 = 50 μm, σ = 14 mN/m, μ OIL = 5.1 mPa s), but at a broader range of velocities, the droplet length varies as shown in Fig. 4(b) . 
CONCLUSIONS
The droplet grows at a rate given by U water ; in the detachment step, the neck of a developing droplet is squeezed at a rate governed by U oil . The frequency at which the droplets are generated is dependent on water fraction and velocity, but not significantly on viscosity or interfacial tension. The dependence of the period on velocity is described by a power law relationship with exponent of 7/6. The length of droplets varies at low flow rates, and approaches a constant characteristic length associated with a corresponding water fraction. Modeling of droplet fission further proves that pressure buildup due to channel blocking is the major contributing force for droplet break-off.
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